Aim: Early diagnosis of cerebral congenital anomalies requires a profound knowledge of the anatomy of the developing human brain. The ganglionic eminences (GE) are crucial structures of the brain, giving rise mostly to the basal nuclei. The aim of this explorative study is to assess the GE within the embryonic and early fetal brain by using 3D transvaginal US. Material and methods: From March 2015 to May 2015, a total of 18 singleton non-malformed embryos and fetuses at 9-13 weeks of gestation were assesed in vivo by transvaginal ultrasound using a Voluson E10, BT 15 scanner (GE Healthcare, Zipf, Austria). The 3D sonography was performed routinely as the subjects were scanned. Inter-observer agreement (concordance) was calculated using the Cohen's kappa statistics. Results: At 9 gestational weeks, no GE was identified. At 10 gestational weeks the GE were identified as mere thickenings in the lateral wall of the cerebral hemispheres, well depicted by 3D transvaginal ultrasound using the HDlive rendering mode and the OmniView® software. Starting with 11 gestational weeks the GE are evident. The results of inter-observer agreement for GE identification were as follows: observed agreement Po=0.94, expected agreement Pe=0.76, kappa coefficient=0.83, which means a very good agreement between the observers. Conclusions: The GE can be clearly visualized by 3D transvaginal sonography, and especially by HDlive rendering mode. This method has become the "golden standard" for in vivo morphological studies of the embryonic and early fetal brain.
Introduction
The brain is one of the first organs to form and the last to accomplish its development. The embryology of the central nervous system is involved in human pathology, yet studying morphogenesis is also of interest in the fields of education and developmental sciences. Nowadays, many research teams are focused on diagnosing the congenital anomalies by ultrasound (US) in the first trimester of pregnancy. This requires, however, a profound knowledge of the normal anatomy of the developing human brain [1] .
In our era, when most aspects of daily life tend to become computerized, the need to review the methods employed in classical embryological research is becoming more apparent. Considering recent improvements in technology, the human embryonic brain can be currently studied in many different aspects.
The modern US techniques and computer technology enable the 3D virtual reconstruction of the embryonic brain. Using a transvaginal 3D transducer is particularly important in the first trimester of pregnancy due to the impossibility to obtain all planes using only 2D transducer [2] . 3D/4D HDlive, as a surface render mode, uses an adjustable light source, giving the operator the opportunity to create lighting and shadowing effects and thereby increasing depth perception [3] .
The ganglionic eminences (GE) present as thickenings of the lateral wall and floor of the third and lateral ventricles at 5 weeks post-fertilization (Carnegie stages 14 and 15) [4] . These are crucial structures in the embryonic and fetal brain, giving rise to the basal nuclei and the GABAergic cortical interneurons which will tangentially migrate towards the cortical plate [5] . The GE are transient nervous structures which will disappear up to the 35 th week of gestation. Müller and O'Rahilly [6] demonstrated that, in fact, the GE are composed of two distinct structures of different origins, medial ventricular eminence of diencephalic origin and lateral ventricular eminence of telencephalic origin. The GE are characterized by large size and the exceptional persistence of their subventricular layer [4, 6] . The GE can be clearly depicted by micro-MRI at 9 weeks of gestation [7] (fig 1) .
During the past decades, the human embryonic brain in particular has been intensively studied [1, 8, 9] . To the best of our knowledge, imaging GE by US in the first trimester of pregnancy has not been reported in literature to date.
The aim of this explorative study is to assess the GE within the embryonic and early fetal brain by using 3D transvaginal US.
Material and methods

Human embryos and fetuses
From March 2015 to May 2015, a total of 18 singleton non-malformed embryos and fetuses at 9-13 weeks of gestation were studied. The gestational age was calculated by the crown-rump length (CRL) of the subjects and was expressed as gestational weeks (GW) -completed weeks from the last menstrual period.
The study protocol was approved by the local Ethics Committee. Written informed consent was obtained from each patient before the procedure, according to the World Medical Association Declaration of Helsinki, revised in 2000, Edinburgh.
Acquisition of images
The embryos and fetuses were assesed in vivo by transvaginal US using a Voluson E10, BT 15 ultrasound scanner (GE Healthcare, Zipf, Austria). The 3D US including the 3D HDlive rendering mode was performed routinely as the subjects were scanned. Using a mechanical high-frequency transvaginal transducer (6-12 MHz/ 256-element 3D/4D), the aquisition of the volume took a few seconds at an angle of 70°-85°. All examinations were performed by the same investigator.
Image post-processing All volume data were reviewed retrospectively, and the optimal volumes were selected for further analysis. The criteria of inclusion of the optimal volumes were: absence of movement artifacts and accurate visualization of the structures around the GE, i.e. choroid plexus within the lateral ventricles and thalamus.
Two authors independently examined the optimal volumes using the 3D HDlive render mode and the Omni view® software (GE Healthcare, Zipf, Austria), which was employed for digitally slicing the selected volumes. Sections corresponding to the three orthogonal planes and "anyplane" sections were made in order to better visualize the GE. The Silhouette® mode was used for underlying the walls of the cerebral cavities.
GE were identified considering their anatomical characteristics described in classical papers of embryology [4, 6] and their micro-MRI appearance [7] .
Statistical analysis Data were expressed as minimum and maximum values obtained. Inter-observer agreement (concordance) was calculated using the Cohen's kappa statistics. Data evaluation and statistical analysis were performed with Office Excel SPSS program 19.0 version.
Results
The characteristics of the analyzed embryos and fetuses are detailed in table I.
The clear visualization of the GE with the OmniView® software and the HDlive rendering mode was possible in 15 out of 18 optimal volumes.
The results of inter-observer agreement for GE identification were as follows: observed agreement Po=0.94, expected agreement Pe=0.76, kappa coefficient=0.83, which means a very good agreement between the observers.
At 9 GW no GE was identified. Results are expressed as minimum -maximum of crown-rump length (CRL) of the subjects.
At 10 GW the GE were identified as mere thickenings in the lateral wall of the cerebral hemispheres, well depicted by 3D transvaginal ultrasound using the HDlive rendering mode (fig 2) and the OmniView® software (fig 3) . Starting with 11 GW the GE are evident and can be identified ventrally to the choroid plexuses, bulging into the lateral ventricles, naturally visualized by the HDlive rendering mode (fig 4 a,b, fig 5 a,b, fig.  6 ). The GE are located rostrally to the thalamus, as seen on 2D images processed with the OmniView® software (fig 3; fig 4 c,d, fig 5 c,d, fig 7) . 
Discussions
Our explorative study demonstrates that the GE can be assessed by 3D transvaginal US from 10 GW onwards, either on 2D sections or using the HDlive rendering mode. This method provides accurate images of small-sized structures of the developing brain, such as the GE.
3D/4D HDlive rendering mode provides us with a natural and anatomically realistic appearance of the embryo [10] . With this method, the images of the embryo seem to be more readily discernible than those obtained by conventional 3D sonography [11] .
In literature we have found papers on fetal, placental and umbilical cord ultrasound using the HDlive rendering mode [3, 12, 13] , but none of these reported the imaging of the GE within the embryonic and early fetal brains.
3D HDlive rendering mode shows some advantages for the assessment of embryos and fetuses in the first trimester, compared to 2D US. Those advantages are: better visualization of fetal anatomy in multiplanar mode, shorter exposure time of the embryo to the ultrasound system [11, 14, 15] , the possibility of storage of the volumes, and its later processing and analysis without the presence of the patient [15] .
We could not depict the GE clearly in embryos at 9 GW. This was due to the small size of those structures at the mentioned gestational age. Among the limitations of 3D US, the artifacts caused by embryonic or maternal movement, which reduce the quality of the image, should be mentioned [16] . The quantity of the cerebrospinal fluid inside the lateral ventricles could also influence the quality of rendered images.
Fetal neuroimaging with advanced 3D US technology is an easy, non-invasive and reproducible method which enables easy off-line analyses of the raw volume data sets [17] . This method has moved the prenatal diagnosis of fetal abnormalities from the second to the first trimester of pregnancy [18] .
The good inter-observer agreement is important because the GE are small-sized structures which need to be precisely identified within the embryonic brain.
Identification of GE in early life is useful as they are crucial nervous structures which could be involved in teratology. In fact, at 6 GW the neural anomalies are 40 times more frequent than at birth, which means that most of the affected conceptuses are lost until birth, and probably mainly within the embryonic period [19] .
The limitations of our study are the small numbers of subjects enrolled and the lack of comparison of the US findings with other imaging techniques such as micro-MRI applied to the same subject.
Further studies involving a larger sample size are needed to confirm the usefulness of 3D transvaginal US and HDlive rendering mode in future embryonic research and evaluation of fetal anomalies [10] .
Conclusions
This study demonstrates that GE can be clearly visualized by 3D transvaginal US, and especially by HDlive rendering mode. The 3D transvaginal US has become the "golden standard" for in vivo morphological studies of the embryonic and early fetal brain. This method facilitated the development of a new field of research, neurosonoembryology. It also initiated new trends in embryology and developmental pathology, such as transferring the assessment of embryos and fetuses from in vitro studies to in vivo studies.
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